An optical method based on light extinction was used in measuring pulp quantity in the plate gap of a 10 MW thermomechanical pulping refiner for the first time. The relationship between pulp quantity and light extinction was determined by empirical laboratory experiments. The empirical relationship was then applied to interpret the image data obtained from field measurements. The results show the local distribution of pulp in the refiner plate gap for different rotor plate positions and refiner operation points. The maximum relative uncertainty in the measured pulp quantity was 50%. Relative pulp distributions were measured at higher accuracy. The measurements have influenced the development of a laser-based optical diagnostic method that can be applied to the quantitative visualization of technically demanding industrial processes.
Introduction
Thermomechanical pulping is a well-established technology used in high yield wood pulping in paper industry. The pulping process takes place in disc refiners. Raw material is fed into the refiner typically in the form of wood chips. The chips are refined to smaller fragments and finally to fibres in the region that is formed between the refiner discs. Thermomechanical pulp is typically used in newsprint papers [1] .
The thermomechanical pulping process has been developed through a large number of practical trials and measurements. Nevertheless, it is believed that there is potential for further development regarding, e.g., the energy efficiency of the process. Physical flow modelling [2] is one of the methods that can provide a better understanding of the refining process. However, many input parameters of the model have been unknown since it has not been possible to measure them directly during refiner operation due to highly hostile process conditions.
Visualizing methods have been used to produce information about the refining phenomenon [3] [4] [5] [6] [7] . These methods have been based on flash lamps and high-speed cameras, which have limitations especially in studying production scale refiners. The authors introduced a more accurate method based on diode laser illumination in 1999 [8, 9] . This paper describes an optical method that has been developed in order to measure pulp quantity and distribution in the plate gap of a production line refiner during refiner operation. Such measurements have not been reported earlier.
The optical measurement of pulp quantity is based on the scattering and absorption, i.e. extinction, of light passing through pulp in the plate gap. A relationship between light extinction and pulp quantity was found in empirical laboratory experiments. This empirical relationship was then used to interpret the data obtained from the field measurements on the refiner.
Measurement system
The refiner under study was a rotating single disc refiner (model SD-65) operating as the first stage in a two-stage refiner Figure 1 . Principle of the extinction measurement. The laser and the camera operation were synchronized with the reference signal produced by the optical trigger. Since the optical path from the laser to the CCD camera was open only at one moment per each revolution of the rotor, a suitable delay was added to the reference signal. The optical path was designed to be open for about 100 µs per revolution so that it was possible to scan over different rotor plate positions.
line. The plate gap gets narrower towards the periphery. The surfaces of both discs are graded so that pulp is under periodic pressure and release forces due to the rotation of the rotor at 1500 rpm. The refining frequency caused by the movement of sequential rotor bars and grooves is 25 kHz in the outer periphery of the refiner. The refining process is extremely energy intensive. The first-stage refiner with a disc diameter of approximately 1.6 m operates typically at 10 MW power level.
Most of the energy is transformed to heat and the plate gap temperature rises to 150-180
• C. The temperature of the refiner casing rises to about 100
• C due to heat conduction. In addition to the relatively high temperature, the realization of the extinction measurement was affected by the presence of steam, pressure and strong mechanical forces. The optical installations made into the rotor were subject to forces which correspond to acceleration of over 1 × 10 4 m s −2 . The measurement principle is shown in figure 1 .
The laser light source (4) was attached to the refiner housing. The laser light was conducted to the rotor windows through two optical cables A and B (5, 10). The stationary optical cable A (5) was installed with the laser into the rear wall of the rotor housing. The optical cable B (10) rotated with the rotor. It was installed into a channel machined through the rotor disc. An optical path was established between the two optical cables across the light-coupling gap (7) once per rotor revolution. At this moment, the laser source (4) was triggered to produce a light pulse. The light-coupling and the laser pulse were also synchronized with the moment of overlapping of the rotor and stator windows (11). The intensity of the light passing across the plate gap was recorded by a CCD camera (15) attached to the stator. In the extinction measurement the light source was a high-power pulsed diode laser source built at the Optics Laboratory of Tampere University of Technology [8] . To determine the transmittance of the plate gap a reference value of the light intensity was determined during start-up when the plate gap was empty.
The timing control was provided by an optical trigger (1), which consisted of an optocoupler and a thin disc attached to the rotor shaft (19). The disc had a 1 mm slit, which generated one trigger pulse per revolution by opening the light path between the LED and the detector. The timing jitter was less than 100 ns.
The pulsed laser light source consisted of 288 bright fibre coupled diode laser emitters, which emitted pulsed monochromatic light at the wavelength of 808 nm. The optical output power could be manually adjusted between 0 and 700 W from the laser driver unit, which produced current pulses of max 200 A with a rise time of 100 ns. In practice, light pulses 1 µs long were used which was short enough to freeze the rotor movement to a distance of about 0.1 mm. The laser was cooled with water circulation. The diameter of the laser head was 50 mm and the length 150 mm [8] . Figure 2 describes the light conduction system in detail. The laser emission was coupled directly to the optical cable A (5), which conducted the light into one of the fibre bundles B1-B3 (101-103) in the optical cable B (10). The fibres in each of the fibre bundles B1-B3 were mixed in order to produce uniform illumination. The light-coupling gap was purged with air at about 10 bar pressure and at high flow rate in order to prevent contamination of the gap by pulp and water. The shape of the entrance of the fibre bundles B1-B3 was oval with the main axis parallel to the direction of rotor rotation. This enabled the illumination of the same window during a period of about 100 µs. In this way it was possible to study the plate gap phenomena at different rotor plate positions.
The plate gap was illuminated and viewed through three window pairs, which were installed at different radial positions. The entrances of the three fibre bundles B1-B3 (101-103) were arranged axially in the light-coupling ring (9) in such a way that the window pair to be illuminated could be selected by adjusting the axial position of the light-coupling foil (6) . This is illustrated in view A-A in figure 2. The thickness of the light-coupling gap was adjusted to 1-2 mm. A thinner gap would have been optically desirable, but was not considered operationally safe. The greatest problem was the contamination of the light-coupling gap with pulp, which could not be avoided in some measurements.
The windows were made of sapphire. They were 15 mm thick and 20 mm in diameter (figure 3). The windows were conical in shape. An aluminium gasket was installed into the windows before they were attached to the plate segment by a screw sleeve. The mounting depth was some tens of micrometres below the surface of the plate segment. Window surfaces were machined to follow the plate pattern as closely (7) to the optical cable B (10), which was mounted onto the rotor disc. The optical cable B made three bends of 90
• on its way to the rotor window (111). as possible. The only difference was in the groove profile. The plates had a curved groove profile, but to achieve undisturbed transmission of light it was necessary to make flat grooves in the windows. A grey scale CCD camera (SensiCam) made by PCO Instruments was used to record the transmitted signal. The resolution of the camera was 1.3 × 10 6 pixels (H1280 × V1024) and its dynamic range was 12 bit. The cooling capacity of the Peltier-cooled camera was insufficient in the refiner environment and a water-cooled aluminium plate was screwed into the camera body in order to supply additional cooling. A telecentric lens was used to produce images with a constant field of view of 17 mm. The depth of focus of the lens was 3-5 mm. The lens was inserted into a hole in the stator casing, as shown in figure 1. The lens was air-cooled.
Calibration
In order to be able to determine the local pulp quantity in the plate gap from the extinction of light, a relation between these two parameters has to be known. In this work, the desired relation was generated empirically in laboratory measurements. The empirical studies were made using a calibration chamber (figure 4), which simulated measurement conditions inside the refiner plate gap. Three optical paths-each having a plate gap between two windows-were installed into the calibration chamber in order to enable simultaneous measurement of three independent samples. The gap between the windows was adjustable with high precision. The region between the windows was filled with a known quantity of thermomechanical pulp made of Norway spruce. The freeness (CSF) of the pulp sample was 350 ml. The chamber floor was filled with water and the chamber could be heated up to 200
• C. The empirical relationship between the pulp surface density σ and the transmittance of the plate gap T (figure 2) was found by curve fitting to the measurement data (figure 5). The best fit was obtained with a power function
The empirical coefficients were a = 360 ± 90 g m −2 and b = −0.8046 ± 0.08.
The empirical equation can be applied on the condition that the transmission of light does not depend on the pulp volume density but only on the surface density. This is because the volume density, which in practice depends on the plate gap value, is unknown during field measurements. The effect of pulp compression on the transmission of light was studied by adjusting the gap between the windows. Light transmission was found to be independent of pulp volume density up to the surface density of 150 g m −2 . The empirical relation holds only when the field of view in the plate gap is all filled with pulp. At very low surface densities the pulp layer in the plate gap breaks up and transparent holes are formed in it. The surface density at which hole formation starts defines the lower limit of applicability of the measurement. A typical value for the lower surface density limit is 75 g m −2
. The empirical measurements showed no significant dependence between the transmission and the temperature (or pressure) of the plate gap.
The dependence of light transmission on pulp volume density and the formation of holes limit the validity of the empirical expression to the transmission range of 3-7%, which corresponds to the surface density range of 150-75 g m −2 . The maximum uncertainty of the calibration calculated from measurement inaccuracies was 25% in this range. The observed maximum uncertainty was 12.5% and the average uncertainty was 6.5%.
Measurements and image analysis
Optical measurements were performed at UPM-Kymmene Jämsänkoski mill during a 3-week period in NovemberDecember 2001. Measurement preparations included the recording of a reference value for light transmission when no steam or pulp was present after 30-40 min start-up and process stabilization. Rotor plate positions were selected by adding a suitable delay to the trigger pulse. In addition, the reference signals of these positions were recorded before the refiner was driven into production level. Plate gap phenomena were visualized at a frequency of 5 Hz, which means that a single image was taken every fifth revolution of the rotor. Data were collected as an image series, which consisted of 150 images. One series was recorded during 750 revolutions or during a sampling period of 30 s. In order to improve the statistical validity of the results and to study the time invariance of pulp distribution 1-5 image series were recorded at each operation point.
In processing the results an average image was calculated for each image series. The offset signal level was determined and subtracted from the average images. Then the rotor position was determined from the average image(s) or it was calculated from other average images. This was followed by the selection of acceptable regions of interest (ROIs, figure 6 ) in front of the exit of fibre bundle B. After this the spatial distribution of transmittances inside the ROIs was calculated as the ratio between the transmission and reference signals.
The laser light source operation was stable and the light conduction cables in the rotor remained in place during the measurements in spite of the high mechanical strain. However, during the measurements it was observed that most image series were 100 times darker than expected according to calibration measurements. This was caused by the contamination of the light-coupling gap by pulp. Fortunately, such results were also obtained which did not suffer from contamination and from which reliable results could be extracted.
Results
The relative motion of the patterned refiner plates is the origin of an oscillatory process in the plate gap with rapid alternation between two phases, called the pressure cycle and the relaxation cycle. As a matter of nomenclature, it should be noted here that the word cycle refers to locally varying conditions experienced by the raw material in the plate gap under given global condition. The pressure cycle is when the bars of the stator and rotor plates are facing each other and the relaxation cycle is when the bars of one plate are facing the grooves of the other one.
The measurements taken through the window located in the outer periphery of the refining zone at radial position 797 mm were least affected by light gap contamination. The results processed from these measurements are the most reliable ones, and they are presented next. It should be kept in mind that the absolute levels of surface density presented are upper limits rather than actual values, due to light gap contamination, whereas the relative azimuthal distributions of surface density are considered reliable. Against this it could be argued that if light gap contamination is present, then it could be spatially non-uniform, thus affecting the distribution of light during one exposure. However, since the light cable is an unordered fibre bundle and the result processing contains averaging, it must be considered highly unlikely that the relative azimuthal surface density distributions presented in the following would be distorted by non-uniform light gap contamination. During the measurements the power level of the refiner was 10 MW and the dilution water flow rate was 3.8 l s −1 . Results are presented from the pressure cycle, the end of the pressure cycle and the relaxation cycle. Figure 7 describes the pressure cycle where pulp was being squeezed between the bars. The positions of the rotor and the stator plates are drawn on top of figure 7. The numbers indicate the accepted ROIs that are marked by the borders in the upper drawing and by the white streaks in the surface density graph. The bar diagram on the right of figure 7 indicates the average surface density of four measurement series.
Pressure cycle
The measured pulp quantity between the bars increases slightly towards the leading edge of the rotor bar from σ (2) = 72 g m −2 to σ (4) = 89 g m
. The average value of pulp between the bars is σ (3) = 78 g m −2 , which includes also ROIs 2 and 4. One conclusion could be that the leading edge of the moving rotor bar grabs more pulp than that of the stator bar. The standard deviation of pulp quantity in the measured series was 11.7%.
End of pressure cycle
At the end of the pressure cycle the trailing edge of the rotor bar was faced with the trailing edge of the stator bar ( figure 8 ). The end of the pressure cycle was measured by delaying the laser and the camera operation by 9 µs from the pressure cycle, which corresponded to a rotor window displacement of 1.1 mm. Pulp quantity in the leading edge of the stator bar was rapidly decreasing from σ (1) = 134 gm . Figure 9 . Pulp distribution during the relaxation cycle. The measured transmittances and the calculated surface densities of the same refiner operation point are plotted in the graph.
In the position of the leading edge of the rotor bar the pulp quantity was increasing from σ (5) = 136 gm −2 to σ (7) > 150 g m −2 . Both of these trends could be explained by pulp accumulation at the leading edges of the bars.
The region between the trailing edges of stator and rotor bars contained a small quantity of pulp of σ (4) < 75 g m −2 . This value is below the calibration range and it is probable that ROI 4 was occasionally free of pulp. Pulp quantity increased sharply towards the leading edge of the rotor bar as σ (7)-value exceeded much the upper limit of the measurement range. The standard deviation of pulp quantity between the measured series was 11.9%.
Relaxation cycle
The relaxation cycle took place when the rotor bar was in position with the stator groove ( figure 9 ). The operation of the laser and the camera was delayed by 17 µs from the pressure cycle, which corresponded to a rotor window displacement of 2.1 mm. The local variations of pulp distribution were large in this cycle. A large quantity of pulp was accumulated near by the bars' leading edges so that σ (1) = 151 g m −2 and σ (6) = 157 g m . An opposite trend was observed in front of the rotor bar where pulp quantity increased from σ (4) < 75 g m −2 to σ (6) = 157 g m −2
. ROI 1 was in an equivalent position to ROI 7 and also the measured pulp quantities were similar with σ (1) ≈ σ (7) = 150 g m −2
. The standard deviation of pulp quantity in the three measured series with the highest signal levels was 2.7%.
Discussion and conclusion
Quantitative information about the distribution of pulp in the plate gap of a full-scale industrial refiner during on-line process conditions is extremely important as an input to any flow model trying to describe the refiner process. Such information has not been experimentally obtained hitherto, which is no surprise, considering the formidable technical challenges to anyone attempting to measure it. It is hard to conceive of any probe other than electromagnetic radiation that could be injected into the plate gap of an operating refiner to measure the pulp quantity. This work has shown that it is in principle and technically feasible to determine the surface density of pulp in a refiner on the basis of the extinction of light taking place in the pulp. The most important finding in this respect is the fact that a region of surface density, and indeed a relevant one, exists, in which the dependence of light extinction on surface density is unaffected by volume density, i.e. by how tightly the pulp is squeezed in the plate gap.
To obtain not only spatially averaged surface densities but spatially resolved distributions, optical image quality is absolutely essential. In this respect, a multi-diode laser-based light source is ideal due to its linear operation, essentially monochromatic light and the absence of speckle formation. Furthermore, the high requirements on timing precision in the present measurements are well met by diode lasers. Fibre optics and a high capacity of data storage and processing are other essential factors in the successful completion of the measurement.
The most difficult technical problem was the conduction of light from the laser source to the rotor in motion. To measure light extinction in the plate gap, light must be conducted through it. It was anticipated that contamination of the light gap would be a problem, and indeed it was. It is highly improbable that measurements completely free of light gap contamination could be obtained.
According to the measurements, pulp was not distributed uniformly between the rotor and stator bars. The leading edge of the rotor bar seemed to collect and carry along a considerable quantity of pulp. Pulp was being squeezed against the leading edge of the stator bar. Some amount of pulp was probably released to the stator groove at this moment as could be concluded from the pulp distribution in the stator grooves.
The pulp distribution was found to be fairly constant in time. The relative temporal variance in local pulp distribution was less than ±12% at all rotor positions that were studied. This implies also that the measurements were repeatable with relatively high accuracy.
The reference signal of transmitted light was known most accurately in the relaxation cycle. In this cycle two equivalent rotor positions (ROIs 1 and 7) were used for pulp quantity measurement. The measured values were similar with high accuracy. This suggests that the measured trends in local pulp distribution are reliable.
Notable uncertainties are involved in the results like the unknown scattering of light from the windows' plate pattern in contrast to the planar windows that were used in calibration measurements (relative maximum error ±10-20%), the relative error of pulp quantity caused by the empirical relationship (±10%), the effect of rotor twist on results (±20%), the presence of pulp in the light connection gap (±10%) and the low signal-to-noise ratio (±5%). The total maximum uncertainty is estimated to be of the order of ±50%.
The accuracy of the measurement could be greatly improved if the light could be accurately coupled to the optical cable in the rotor. The contamination of the lightcoupling gap by pulp has to be avoided or some other light conduction solution should be invented. Uniform background illumination would improve the accuracy of the measurement in all possible conditions. The fibres used in the measurements were not perfectly mixed since they had to be rebuilt once during the measurements. If the above-mentioned error sources could be eliminated properly, local pulp quantity could probably be measured with a relative error of ±20%.
The strength of the presented method lies in its capability of spatially resolving the quantitative distribution of pulp on the level of single bars and grooves in the plate gap. It is precisely this type of information which has not been experimentally accessible hitherto, but which forms a critically valuable input to a flow model aiming at a detailed quantitative description of the pulp formation process in the refiner. In spite of the modest relative accuracy obtained so far, the information presented in figures 7-9 describes important tendencies in the behaviour of the pulp during the various phases of the pulping cycles.
